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Abstract

Transforming growth factor β (TGF-β) and programmed death-ligand 1 (PD-L1) initiate signaling pathways with complementary, 
nonredundant immunosuppressive functions in the tumor microenvironment (TME). In the TME, dysregulated TGF-β 
signaling suppresses antitumor immunity and promotes cancer fibrosis, epithelial-mesenchymal transition, and angiogenesis. 
Meanwhile, PD-L1 expression inactivates cytotoxic T cell function and restricts immunosurveillance in the TME. Anti-PD-L1 
therapies have been approved for the treatment of various cancers, while TGF-β signaling in the TME is associated with 
resistance to anti-PD-L1 therapies. Here, we have reviewed the rationale of the TGF-β and PD-L1 pathways in cancer and 
discussed current strategies using combination therapies that block these pathways separately or approaches with dual-
targeting agents that may block the pathways simultaneously. Importantly, according to current clinical results, we propose 
the developing strategy of combination treatment with two or more agents.
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Dual Targeting of Transforming Growth 
Factor β (TGF-β) and Programmed Death 
Ligand 1 (PD-L1) in Cancer.

TGF-β Signaling in Cancer

TGF-β is a pleiotropic cytokine comprising three 
isoforms: TGF-β1, TGF-β2, and TGF-β3. They share nearly 
70% homology and perform similar biologic activities. The 
activity of TGF-β is regulated at a variety of steps [1,2]. TGF-β 
is secreted in an inactive form attached to a peptide partner 
the latency-associated peptide (LAP). This latent form can 
undergo isoform-specific activation through the cleavage of 
the LAP by extracellular proteases to release active TGF-β. 
The release of active TGF-β could induced by a physical force 

via integrins, such as vβ6 or vβ8, binding to the LAP or 
by the modification of the LAP through thrombospondin [3]. 
The active TGF-β then binds to the serine/threonine protein 
kinase receptors TGF-βRI and TGF-βRII, sometimes with 
the aid of the accessory co-receptor β-glycan; the activated 
receptor complex then phosphorylates specific signal-
transduction protein SMADs such as SMAD2, SMAD3 and 
SMAD4. The phosphorylated SMADs then form heterotrimeric 
SMAD complexes, translocate into the nucleus, interact with 
cell-specific transcription factors, and induce downstream 
gene expression [3]. While SMAD2, SMAD3, and SMAD4 
are required in TGF-β signaling, SMAD6 and SMAD7 inhibit 
TGF-β signaling [3]. The resulting signaling pathway can 
induce a large and diverse set of cellular responses that are 
highly context and tissue specific [3,4].
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Physiologically, TGF-β maintains immunological 
self-tolerance and acts to suppress cancer by regulating 
epithelial proliferation, apoptosis, and differentiation [3,5]. 
TGF-β signaling undergoes changes during malignant 
transformation, resulting in TGF-β functioning as a tumor 
promoter rather than a suppressor [4,6]. Aberrant TGF-β 
activation and signaling can promote disease progression 
by stimulating epithelial to mesenchymal transition (EMT) 
and angiogenesis, activating cancer-associated fibroblast 
(CAF), and enhancing immunosuppression within the tumor 
microenvironment (TME) [7-9]. High expression of TGF-β in 
the TME correlates with poor clinical outcome and increased 
likelihood of metastasis in various tumor types [10,11].

EMT is involved in migration and invasion of cancer 
cells [12]. Increased cancer stem cells are observed in EMT 
[13], while TGF-β signaling further promote cancer stem 
cells via enabling epithelial cells acquiring stem cell-like 
properties [14]. EMT is also associated with resistance to 
anti-programmed cell death 1 (PD-1) and anti- programmed 
cell death ligand 1 (PD-L1) therapies, targeted therapies, 
and chemotherapy [15-17]. Aberrant TGF-β signaling can 
upregulate the expression of proangiogenic factors such as 
vascular endothelial growth factor (VEGF), platelet-derived 
growth factor (PDGF), and basic fibroblast growth factor 
(bFGF), resulting in increased blood vessel density and tumor 
size [18,19]. TGF-β signaling in the TME is associated with 
the transition of fibroblasts into CAFs that contribute to drug 
resistance and metastasis of tumors [20,21]. CAFs remodel 
the extracellular matrix to influence T-cell migration and 
trap T cells in the stroma. CAFs express a variety of cytokines, 
such as interleukin (IL)-6, IL-8, IL-11, CCL2, PGE2, CXCL12, 
and TGF-β, which are involved in immune suppression and 
metastasis [17,20-23].

TGF-β plays an important role in immunity, particularly 
in immunosuppression, since most immune cells respond 
strongly to its effects [4]. Immunosuppression by TGF-β in 
cancer involves a phenotypic change in a variety of immune 
cells such as dendritic cells, tumor-associated macrophages 
(TAMs), tumor-associated neutrophils, natural killer (NK) 
cells, myeloid-derived suppressor cells (MDSCs), regulatory 
T cells (Treg cells), and cytotoxic T cells [8,9,23,24]. TGF-β 
is an autocrine survival signal for myeloid precursors and 
drives their differentiation to highly immunosuppressive 
MDSCs at the expense of macrophages and dendritic cells 
[25]. In the TGF-β-rich TME, dendritic cells shift into a 
tolerogenic phenotype, with reduced antigen presentation 
and ability of activating T cells [26]. Macrophages shift from 
an inflammatory (M1) to a tumor-trophic (M2) phenotype, 
becoming Tumor-associated macrophages. This phenotype 
reduces the expression of pro-inflammatory cytokines, while 
expression of TGF-β and VEGF are increased [27]. Mature 
neutrophils in the TME preferentially adopt a phenotype that 

promotes tumor growth, immunosuppression, metastasis, 
invasion, and angiogenesis [28]. TGF-β can suppress the 
proliferation and cytotoxicity activity as well as the production 
of interferon gamma (IFNγ) of NK cells. As we know, IFNγ is an 
critical cytokine for the activation of macrophages, NK cells 
and neutrophils [3,24]. Undifferentiated T cells can switch to 
a Treg phenotype in the presence of TGF-β; this switch may 
lead to both the inactivation of effector and cytotoxic T cells 
and an increase function of MDSCs [3,24]. Systemic TGF-β 
levels are often increased in people with cancer relative to 
those in healthy individuals, and elevated TGF-β levels are 
associated with poor prognosis and aggressive cancer [27]. 
However, the use of TGF-β as a biomarker is complicated 
by the technological challenges associated with measuring 
active TGF-β levels in the TME and the predominance of 
latent TGF-β in circulation [29].

TGF-β in Cancer Therapy

Inhibition of the TGF-β pathway remains an active 
area of interest in cancer research. Antibodies, vaccines, 
antisense oligonucleotides, and small-molecule inhibitors 
against TGF-β pathway have all been investigated in clinical 
trials of solid tumors [1,8]. In addition to overcoming 
immunosuppression, preclinical studies have demonstrated 
that the blockade of TGF-β signaling suppresses fibrosis, 
EMT, angiogenesis, and tumor growth [7,8].

There are three major ways for targeting TGF-β: blocking 
the expression and activation of TGF-β, blocking the binding 
of TGF-β to its receptors (including sequestering or “trapping” 
TGF-β), or inhibiting TGF-β receptor kinase signaling. 
Therapies that block TGF-β activation and expression include 
gemogenovatucel-T, a plasmid-based therapy; SRK-181, a 
TGF-β1 antibody; abituzumab, a pan-av integrin antibody; 
PF-06940434, an avβ8 integrin antagonist; and cotsiranib, a 
small interfering RNA therapeutic that inhibits the expression 
of TGF-β1. Gemogenovatucel-T is a gene therapy consisting of 
a plasmid of a bifunctional short hairpin RNA that suppresses 
mature TGF-β1/2 processing and expresses the immune-
stimulatory cytokine granulocyte-macrophage colony-
stimulating factor (GM-CSF) (NCT03073525) [30]. In a phase 
1 prospective study, patients receiving gemogenovatucel-T 
(n=15) had one year overall survival (OS) rate of 73% vs 
23% in patients not receiving gemogenovatucel-T (n=13) 
[31]. No grade 3 treatment-related adverse events (TRAEs) 
were observed in the gemogenovatucel-T-treated patients, 
and the most common TRAEs included grade 1 injection site 
induration and injection site erythema reported in 12 and 
11 patients, respectively. SRK-181, which inhibits TGF-β1 
activation by targeting the regions of latent TGF-β complex 
that mediate cell-associated activation, may provide a means 
to selectively block activity in certain cells and it is currently 
being studied in patients with solid tumors (NCT04291079) 
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[32]. Abituzumab blocks the activation of TGF-β by binding 
to the integrin v subunit. In a phase 1/2 trial in patients 
with metastatic colorectal cancer (N=216), abituzumab 
therapy in combination with the standard of care (SOC) 
showed acceptable tolerability, but the primary endpoint of 
progression-free survival was not met. However, OS benefit 
was observed in patients with tumors showing high integrin 
vβ6 expression in each of the abituzumab dosing arms 
compared with the SOC; the median OS was not reached 
(NR) (95% CI, 9.7-NR months) for the abituzumab 1000 mg 
+ SOC group, 15.0 months (95% CI, 10.5-23.2 months) for 
the abituzumab 500 mg + SOC group, and 10.2 months (95% 
CI, 5.8-13.1 months) for the SOC group [33]. Though high 
integrin vβ6 expression was correlated with worse survival 
outcomes in the SOC treatment group, it was correlated 
with increased survival benefit upon treatment with either 
abituzumab 1000 mg + SOC (hazard ratio [HR], 0.41 vs 1.58 
in the high integrin and low integrin groups, respectively) 
or abituzumab 500 mg + SOC (HR, 0.55 vs 1.48 in the high 
integrin and low integrin groups, respectively). Treatment- 
emergent AEs (TEAEs) occurred in 100% of patients in both 
the lower-dose and the higher-dose abituzumab groups, with 
the most common TEAEs being diarrhea (65% and 67 %, 
respectively), stomatitis (25% and 30%), and asthenia (21% 
and 29%). PF-06940434 is currently under investigation 
for treatment of patients with advanced or metastatic solid 
tumors, but data indicating efficacy have yet to be published 
(NCT04152018). Cotsiranib, a TGF-β1 and COX-2 small 
interfering RNA inhibitor, is under investigation in basal cell 
carcinoma (NCT04669808) and in patients with advanced 
solid tumors with cholangiocarcinoma, hepatocellular 
carcinoma, or liver metastases (NCT04676633).

Therapies that binds to and inhibits the protein TGF-β 
currently in clinical development include neutralizing 
antibodies (fresolimumab, SAR439459, NCT03192345; and 
NIS793, NCT04390763) and a fusion protein that functions 
as a TGF-β1/3“rap” (AVID200, NCT03834662) [34]. The pan-
TGF-β neutralizing antibody, fresolimumab, was investigated 
in patients with advanced melanoma or renal cell carcinoma 
(N=29); 1 patient experienced a partial response (PR), and 
6 patients experienced stable disease. Gingival bleeding, 
headache, and epistaxis were the most common TRAEs, 
with each occurring in 13.8% of patients. TGF-β -related 
skin lesions, including actinic keratosis and hyperkeratosis 
(10.3% each), keratoacanthoma and squamous cell 
carcinoma of the skin (6.9% each), and basal cell carcinoma 
(3.4%), were also common [34]. SAR439459 is a pan-TGF-β 
antibody that has demonstrated preclinical activity in human 
cell lines and murine tumor models, in which treatment 
inhibited the TGF-β-induced suppression of CD8+ T cells 
and the development of Treg cells [35]. In a phase 1b study 
(NCT02947165), no dose-limiting toxicities were reported in 
patients (N=120) with advanced solid tumors receiving the 

TGF-β1/2 inhibitor, NIS793 in combination with anti-PD1 
antibody spartalizumab, and PRs were reported in 4 patients 
across cohorts. The most common TRAEs were rash (n=15), 
pruritis (n=10), fatigue (n=9), and nausea (n=8) [36]. TGF-β 
inhibitor AVID200 in syngeneic mouse tumor models has 
demonstrated activity and increased T-cell infiltration into the 
tumor microenvironment [37], as well as antifibrotic activity 
in a separate model of idiopathic pulmonary fibrosis (Forbius 
official announcement). In idiopathic pulmonary fibrosis, 
the accumulation of activated, heterogenous myofibroblasts, 
analogous to the conversion of fibroblasts to CAFs in cancer, 
is mediated by TGF-β signaling [38]. In the phase 1 AVID200-
03 dose-escalation study (NCT03834662), proinflammatory 
serum marker levels were increased in a dose-dependent 
manner in patients (N=19) receiving AVID200; tumor 
biopsies showed modulation of TGF-β signaling and immune 
activation [39]. Grade 3 TRAEs were reported in 2 patients 
(diarrhea, lipase elevation, and anemia).

Another class is the oral small-molecule inhibitors of TGF-
βR kinases, including LY3200882, vactosertib, LY2109761, 
and galunisertib, that prevent SMAD-mediated TGF-β 
signaling (NCT02937272) [40-42]. The TGF-βRI inhibitor, 
LY3200882, is currently being investigated in patients 
with solid tumors (NCT02937272). Vactosertib, a small-
molecule kinase inhibitor of TGF-βRI, is being investigated 
in combination with anti-PD1 antibody pembrolizumab 
in colorectal cancer or gastric/gastroesophageal junction 
cancer (NCT03724851); vactosertib is also being investigated 
in combination with anti-PD-L1 antibody durvalumab in the 
second-line treatment of non-small cell lung cancer (NSCLC; 
NCT03732274). In a phase 1 dose-escalation study, 35.3% of 
patients receiving vactosertib at 2140 mg (n=17) achieved 
stable disease. The most common TRAE was fatigue [42]. In a 
preclinical study, the TGF-βRI inhibitor, LY2109761, depleted 
high CD44 and ld1 glioma-initiating cells (both indicators 
of poor prognosis) in human glioblastoma specimens [40]. 
In a translational study, the TGF-βRI inhibitor galunisertib 
was used as a monotherapy to enhance antitumor T-cell 
immunity and antigen spreading in a mouse model of breast 
cancer [41]. Clinically relevant doses of galunisertib were 
used to enhance the antitumor activity of anti-PD-L1 therapy 
(antimurine PD-L1 clone), resulting in tumor regression 
and enhanced T-cell activation in a murine colorectal cancer 
model [41].

TGF-β signaling has been implicated in the development 
and function of the heart, which may present a challenge 
for systemic inhibition of TGF-β as an anticancer therapy 
[43]. Toxicity concerns have been raised for inhibitors of 
the TGF-βRI kinase ALK5, based on preclinical studies that 
showed increased incidence of heart valve lesions in animals 
receiving the TGF-βRI kinase inhibitors AZ12601011 and 
AZ12799734 [44]. Galunisertib, which belongs to this class, 
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was selected for clinical development because incidence 
of heart lesions appeared only at very high doses or with 
continuous treatment for 6 months. Clinical research 
involving >300 patients has shown that the animal model 
toxicities of concern for galunisertib have not been reported 
in humans when intermittent dosing is applied [45]. An 
anti-TGF-βRII antibody, LY3022859, was under clinical 
investigation in patients with advanced solid tumors (N=14), 
but the trial was discontinued due to the absence of clinical 
efficacy and incidence of cytokine storm, despite prophylactic 
administration of antihistamines and corticosteroids [46].

PD-L1 Signaling in Cancer

The PD-1 receptor and its ligand, PD-L1, are critically 
involved in tumor immunity. The PD-1/PD-L1 pathway 
mediates tumor immune evasion by suppressing cell killing 
of cytotoxic T cells and NK cells that express PD-1 via the 
expression of PD-L1 in tumor cells, Treg cells, MDSCs, 
and macrophages in the TME, resulting in loss of tumor 
immunosurveillance [47,48]. Inhibition of the PD-L1 pathway, 
by blocking of either the receptor or the ligand, has great 
potential to disinhibit cytotoxic T cells in the TME, resulting 
in long-lasting antitumor activity in subsets of patients across 
different tumor types [47-50]. However, releasing T cells 
from inhibition via anti-PD-1/PD-L1 therapy may initiate 
a negative feedback loop, stimulating PD-L1 production by 
MDSC and subsequent T-cell reinhibition [48,50].

Anti-PD-1/PD-L1 therapy has changed the treatment 
landscape for a variety of solid tumor types, including 
NSCLC, melanoma, squamous cell carcinoma of the head and 
neck (SCCHN), renal cell carcinoma (RCC), and urothelial 
carcinoma (UC), due to higher response rates and more 
manageable toxicity profiles than chemotherapy. Prior to the 
use of anti-PD-1/PD-L1 therapy, second-line chemotherapy 
provided response rates of <10% in NSCLC [51]. In the phase 
1 KEYNOTE-001 study of the PD-1 inhibitor pembrolizumab 
in patients with advanced NSCLC (N=495), the objective 
response rate (ORR) was 19.4%, with a median duration of 
response of 12.5 months. TRAEs were reported in 70.9% 
of patients (most commonly fatigue [19.4%], pruritis 
[10.7%], and decreased appetite [10.5%]). This led to the 
National Comprehensive Cancer Network recommending 
pembrolizumab as a second-line treatment for PD-L1-
positive NSCLC (NCCN, Non-Small Cell Lung Cancer, Version 
2.2021) [52]. Chemotherapy (dacarbazine) was the standard 
of care for metastatic melanoma for 3 decades after its US 
Food and Drug Administration approval. In the phase 3 
CheckMate 066 study in patients with advanced melanoma 
(N=418), the PD-1 inhibitor nivolumab had a median OS of 
37.5 months in the nivolumab group Vs 11.2 months in the 
dacarbazine group and an ORR of 40.0% (95% CI, 33.3%-
47.0%) vs 13.9% (95% CI, 9.5%-19.4%) with dacarbazine 

(odds ratio, 4.06), with 66.7% of nivolumab responders 
experiencing an ongoing response after 38.4 months [53,54]. 
TRAEs were reported in 77.7% and 77.6% in the nivolumab 
and dacarbazine cohorts, respectively; the most common 
TRAEs were pruritis (23.8%), diarrhea (18.9%), and rash 
(18.4%) in the nivolumab cohort. Second-line chemotherapy 
provided response rates of 3% to 13% in patients with 
recurrent/metastatic SCCHN, but promising results from 
immune checkpoint inhibitors have led to the approval of 
pembrolizumab and nivolumab in this setting [55]. In the 
phase 1b KEYNOTE-012 study cohort of pembrolizumab 
in patients with second-line recurrent/metastatic SCCHN 
(N=192), the ORR was 18%, and the median duration of 
response was NR (range, 2+ to 30+ months [55,56]. TRAEs 
occurred in 64% of patients, with the most common TRAEs 
being fatigue (22%), hypothyroidism (10%), rash (9%), 
pruritis, and appetite decrease (8% each).

A phase 2 study of nivolumab in patients with metastatic 
RCC (N= 168) showed an ORR of >20% across all doses, with 
a large proportion of responders (40%) experiencing an 
ongoing response at 24 months [57]. Most patients (73%) 
experienced a TRAE including fatigue (22%-35% of patients 
across dose groups), nausea (10%-13% across dose groups), 
and pruritis (9%-1 1% across dose groups). In a head-to-
head phase 3 study, the median OS was 25.0 months (95% 
CI, 21.8-NR months) for nivolumab vs. 19.6 months (95% CI, 
17.6-23.1 months) for the mechanistic target of rapamycin 
inhibitor, everolimus. The ORR was 25% Vs 5% (odds ratio, 
5.98) [58]. Nivolumab is now recommended by the National 
Comprehensive Cancer Network for second-line treatment of 
RCC (NCCN, Kidney Cancer, Version 1.2021). TRAEs occurred 
in 79% of patients receiving nivolumab, with the most 
common TRAEs being fatigue (33%), nausea, and pruritis 
(14% each). Prior to the use of anti-PD-1/PD-L1 therapies 
in UC, the prognosis of patients receiving second-line 
chemotherapy was very poor. Pembrolizumab previously 
showed survival benefit VS chemotherapy in patients with 
advanced UC in a phase 3 study, with a median OS of 10.3 
months (95% CI, 8.0-11.8 months) Vs 7.4 months (95% 
CI, 6.1-8.3 months). TRAEs occurred in 60.9% of patients 
receiving pembrolizumab; the most common TRAEs were 
pruritis (19.5%), fatigue (13.9%), and nausea (10.9%) [59]. 
Although the first-line SOC for patients with locally advanced 
or metastatic UC is platinum-based chemotherapy, it provides 
limited long-term benefits because the median progression-
free survival is approximately 6 to 8 months and OS is 
approximately 8 to 15 months, likely due to development of 
chemoresistance [60-62]. In the phase 3 JAVELIN Bladder 
100 trial, avelumab first-line maintenance significantly 
prolonged OS vs best supportive care alone (21.4 months 
[95% CI, 18.9-26.1 months] vs 14.3 months [95% CI, 12.9-
17.9 months]; HR, 0.69) in patients with UC that had not 
progressed on first-line chemotherapy [63]. TRAEs were 
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reported in 98.0% of patients receiving avelumab, the most 
common of which were fatigue (17.7%), pruritis, and urinary 
tract infection (17.2% each).

Mechanism of Dual Targeting PD-L1 and TGF-β

Despite improvements in treatment outcomes across 
a variety of tumor types, as of 2019, the median ORR for 
PD-1/PD-L1 monotherapy in solid tumors is approximately 
20%, indicating that a significant unmet need remains [64]. 
Although durable antitumor responses can be achieved 
with approved PD-1/PD-L1 inhibitors, some patients never 
respond to anti-PD-1/PD-L1 therapy (primary refractory), 
while others develop resistance after receiving anti-PD-1/
PD-L1 therapy (acquired resistance) [65]. There are 
three main phenotypes associated with anti-PD-1/PD-L1 
resistance: a TME lacking lymphocytes (“immune desert”), 
a TME in which lymphocytes are physically excluded from 
tumor cells (“immune excluded”), and a TME in which 
lymphocytes infiltrate the tumor tissue (“inflamed”) but 
are inactivated through a negative feedback loop of PD-L1 
signaling, resulting in T-cell exhaustion [66,67].

TGF-β and PD-L1 are nonredundant pathways driving 
immunosuppression in the TME [9,48]. TGF-β can promote 
PD-1/PD-L1 resistance by converting conventional T 
cells to immunosuppressive Treg cells and increasing 
the survival of myeloid progenitors that differentiate to 
potent MDSCs [25,68]. Both of these processes result in 
increased expression of TGF-β, while MDSCs express PD-L1 
and drive Treg cell differentiation [25,68]. In a preclinical 
study, inhibition of TGF-β reduced the number of Treg 
cells, increased the number of effector T cells, and restored 
sensitivity to anti-PD-L1 therapy [69]. As we know CAFs serve 
as a barrier to T-cell infiltration of the tumor parenchyma. 
In the context of an immune-excluded phenotype, TGF-β 
promote activation of CAFs resulting limited efficacy of 
anti-PD-L1 therapy in bladder cancer [17]. Lastly, T-cell 
exhaustion is a phenomenon in which tumors exhibit robust 
immune infiltration within the TME, such as in the inflamed 
phenotype, but are ineffective in controlling tumor growth. 
PD-L1 binding of the receptor PD-1 on immune cells can 
promote negative feedback to T cells. In addition, T cells 
express other checkpoint molecules, such as TIGIT, LAG-3, 
and TIM3, to limit their cytotoxic activity [66]. 

Given the importance of the TGF-β and PD-L1 pathways 
in the development of cancer, the simultaneous inhibition 
of these pathways may potentially enhance the antitumor 
activity when each pathway is targeted alone. A recent 
analysis of plasma levels of soluble TGF-β and PD-L1 in 90 
patients treated with first-line chemotherapy found that 
there was a positive correlation between TGF-β and PD-
L1 at baseline and after treatment and that an increase in 

soluble TGF-β levels following chemotherapy was associated 
with worse prognosis [70]. In addition, in a biomarker 
analysis of pretreatment tumor samples from the phase 2 
IMvigor210 trial, high expression of TGF-β was associated 
with lack of response to PD-L1 blockade with atezolizumab 
[17]. Inhibition of TGF-β may thus remove a barrier in solid 
tumors to immune checkpoint inhibitor-based therapy 
[71]. Furthermore, in PD-L1-positive tumors, the TGF-β is 
concentrated in the TME. Thus, a single molecule targeting 
PD-L1 and TGF-β may ensure suppression of TGF-β signaling 
in the TME compared with independent dual combination 
therapies. A preclinical study evaluated the anticancer efficacy 
of 2 bifunctional molecules: one targeting TGF-β and PD-L1 
and the other targeting TGF-β and cytotoxic T-lymphocyte 
associated-protein 4 (CTLA-4). Both bifunctional molecules 
were superior to their parent immune checkpoint inhibitors 
(atezolizumab and ipilimumab, respectively) used alone or 
in combination with the TGF βRII domain in causing tumor 
regression in murine models [72]. An additional bispecific 
antibody for TGF-β and PD-L1, YM101, was recently 
described in a preclinical study. YM101 demonstrated the 
ability to bind all three isoforms of TGF-β, and its antitumor 
activity was better than the combination of anti-TGF-β and 
anti-PD-L1 treatments in mouse tumor models [73].

Bintrafusp alfa, also known as M7824, is a first-in-class 
bifunctional fusion protein composed of the extracellular 
domain of the TGF-βRII receptor to function as a TGF-β 
“trap” fused to a human immunoglobulin G1 monoclonal 
antibody blocking PD-L1. In a preclinical study, it was 
demonstrated that simultaneous inhibition of both pathways 
using a bifunctional approach resulted in superior antitumor 
activity compared with either the TGF-β “trap” or anti-
PD-L1 antibody [74]. In the absence of a specific anti-PD-L1 
moiety, the TGF-β trap reduced the plasma levels of TGF-β1 
but did not decrease the TGF-β-dependent signaling in the 
TME [75], indicating the importance of the bifunctional 
nature of bintrafusp alfa to ensure that suppression of TGF-β 
occurs only in the TME. In preclinical studies, bintrafusp 
alfa sequestered all three isoforms of TGF-β in the TME and 
bound efficiently and specifically to PD-L1 both in vitro and 
in vivo. This resulted in superior tumor regression compared 
with a TGF-β “trap”, an anti-PD-L1 antibody, or combination 
of the both [74]. It could be an avidity effect that the isolated 
TGF-βRII ectodomain shows high binding affinity toward 
TGF-β1 and TGF-β3 but not TGF-β2, and yet bintrafusp alfa 
neutralizes all three circulating isoforms in both mice and 
humans [74,76]. This is because the obligatory dimeric 
conformation of the receptors at the C terminus of the 
antibody allows bivalent binding of the TGF-β homodimer. 
A radiolabeling study showed that bintrafusp alfa localized 
to the PD-L1-rich tissues such as spleen and lung, indicating 
bintrafusp alfa localizes to the PD-L1-rich TME in vivo [77]. 
Preclinical data showed cancer fibrosis was reduced by 
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bintrafusp alfa treatment, which may result in (1) enhanced 
immune cell access to the tumor, (2) restored drug access 
to the tumor, and (3) reduced metastatic potential of the 
tumor [74,75,78]. Bintrafusp alfa has the potential to 
inhibit angiogenesis through suppression of TGF-β activity 
via stromal modulation and may restore normal vascular 
homeostasis, thereby enhancing drug delivery and T-cell 
infiltration into the TME [79-81]. Likewise, bintrafusp 
alfa may reduce the expression of VEGF and subsequent 
angiogenesis by inhibiting TGF-β signaling [69].

Given the effect of radiation therapy could increase 
TGF-β activation and immunogenicity via antigen release, 
bintrafusp alfa may be a suitable combination partner 

for radiation therapy by counteracting TGF-β signaling, 
increasing infiltration of CD8+ T cells, and enhancing the 
abscopal effect [74,82-84]. In addition, bintrafusp alfa 
may reduce radiation-induced fibrosis, which has been 
linked to treatment resistance [74,85]. Similarly, preclinical 
data support synergistic effects with the combination of 
bintrafusp alfa and chemotherapy because TGF-β inhibition 
may normalize the extracellular matrix, improve drug 
delivery and resistance via its effects on fibrosis, EMT, and 
angiogenesis as well as elimination of chemotherapy-resistant 
cancer stem-like cells [74,86]. Simultaneous targeting of two 
nonredundant immunosuppressive pathways may result in 
superior antitumor activity (Figure 1).

Source: Cancer cells escape from immune surveillance by activating immune checkpoint pathways such as PD-1/PD-
L1 pathway. PD-1 is usually transiently expressed on T cells during priming and expansion. The binding of PD-1 to PD-L1 
inhibits the function of T cells. The PD-1/PD-L1 axis is not only an important feedback loop of immune homeostasis but also 
participates in tumor immune evasion. Transforming growth factor-beta (TGF-β) is usually overexpressed in advanced tumors 
and related to poor prognoses. TGF-β promotes distant metastasis, drug resistance, and immune escape in advanced cancer. In 
the TME with hyperactive TGF-β signaling, the effect of anti-PD-1/PD-L1 therapy is limited.
Figure 1: Rationale of dual targeting PD-L1 and TGF-β.

Current Treatment Strategy of Dual 
Targeting PD-L1 and TGF-β

To date, there are two single-molecule TGF-β/PD-L1 
inhibitors in clinical development: bintrafusp alfa and SHR-
1701. Bintrafusp alfa is the most developed single-molecule 
therapy, with multiple phase 2 and 3 trials in biliary tract 
cancer, NSCLC, cervical cancer, and other solid tumors 
[74-76,84,87,88]. SHR-1701, another TGF-βRII/PD-L1 
bifunctional fusion protein, is currently being evaluated in 
several phase 1/2 studies and one phase 3 study in patients 
with locally advanced/metastatic solid tumors.

Results from two phase 1 studies (NCT02517398 and 
NCT02699515) of more than 670 patients treated with 
bintrafusp alfa demonstrated promising clinical activity 

in various expansion cohorts of advanced solid tumors 
[76,88-95]. Durable responses of more than six months 
were reported in multiple advanced solid tumor types, and 
favorable response rates were observed when compared 
with historical data for anti-PD-1/PD-L1 therapies in the 
same tumor type, although no head-to-head studies have 
been conducted. Additionally, the safety profile appeared 
manageable and consistent with co-localized, simultaneous 
inhibition of the TGF-β and PD-L1 pathways. The most 
common TRAEs were rash maculopapular, pruritus, 
rash, asthenia, and hypothyroidism. TRAEs leading to 
discontinuation of bintrafusp alfa occurred at a rate of 6% to 
20%. Skin lesions, including those that have been observed 
with fresolimumab, were observed at a rate of 3% to 13.3% 
across 8 expansion cohorts.
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However, bintrafusp alfa encountered triple failure 
in clinical studies. In January 20, 2021, Merck announced 
bintrafusp alfa failed to show any improvement over Merck & 
Co/MSD’s checkpoint inhibitor Keytruda (pembrolizumab) 
in previously-untreated patients with PD-L1-positive non-
small cell lung cancer (NSCLC). In March 16, 2021, Merck 
announced topline data from the Phase 2 INTR@PID BTC 
047 study evaluating bintrafusp alfa as a monotherapy in the 
second-line treatment of patients with locally advanced or 
metastatic biliary tract cancer (BTC). Bintrafusp alfa missed 
the mark to meet the pre-defined threshold that would have 
enabled regulatory filing for BTC in the second line setting. 
In August 23, 2021, the Phase 2 INTR@PID BTC 055 study 
evaluating bintrafusp alfa with gemcitabine plus cisplatin in 
the first-line treatment of patients with locally advanced or 
metastatic biliary tract cancer (BTC) was abandoned, as the 
study is unlikely to achieve the primary objective of overall 
survival.

Another clinical stage dual targeting agent SHR-1701 
presented relieved data. In a phase 1 dose-escalation and 
-expansion study (NCT03710265), no dose-limiting toxicities 
were observed, and the maximum tolerated dose was not 
reached for patients (N=49) with advanced solid tumors 
receiving SHR-1701; in patients who were evaluable for 
efficacy (n=45), the ORR was 17 .8% (95% CI, 8.0%-32. 1%), 
with 7 of 8 responses ongoing. The most common TRAEs 
(incidence >15%) were increased alanine aminotransferase/
aspartate aminotransferase, anemia, hypothyroidism, 
and increased bilirubin/conjugated bilirubin [96]. In an 
expansion cohort of a phase 1b study (NCT03774979), 
patients with epidermal growth factor-positive NSCLC 
(N=27; 24 were evaluable for efficacy) receiving SHR-1701 
had an ORR of 16.7% (95% CI, 4.7%-37 .4%). Grade 3 TRAEs 
occurred in 7.4% of patients, including anemia, hypokalemia, 
and asthenia (3.7% each) [97].

Though bintrafusp alfa encountered difficulties in 2021, 
dual targeting TGF-β and PD-L1 therapy still demonstrated 
noticeable benefits and clear rationale in tumor inhibition. 
Here we discuss two accessible strategies to maximum the 
efficacy of dual targeting TGF-β and PD-L1 agents: choosing 
the proper indication and combination regimen with other 
synergistic therapy.

Further Cancer Indications 

Triple Negative Breast Cancer: Breast cancer is the first 
most frequent cancer in women that its incidence has shown 
an increase over the last decade. The rate of 5-year metastasis 
or recurrence for such cancer is very high (1/3 patients) 
[98]. Estrogen receptor-positive (ER+)/human epidermal 
growth factor receptor 2-negative (HER2) subtype are the 
most common form of breast malignancy, which represents 

about 60–65% of all breast cancer cases [99]. Triple negative 
breast cancer (TNBC) represents the most aggressive 
subtype [100]. TNBC patients do not express progesterone 
receptor, estrogen receptor or HER2. Chemotherapy is the 
first-line treatment for metastatic TNBC, but the outcomes 
are not acceptable, requiring new therapeutic approaches 
[101]. Although screening mammography is important for 
early diagnosis of breast cancer, about 20–30% of patients 
are not detected by this way [102], and that the ER+ subtype 
may recur over 20 years from the initial diagnosis. The 
resistance generally occurs in patients with a metastatic 
disease [103]. Anti-tumor activity of the anti-PD-1/PD-L1 
monotherapy has been studied in a number of patients with 
advanced cold cancers. Adams and colleagues administered 
pembrolizumab (200 mg) in the two groups of metastatic 
TNBC patients: subjects with previous history of systemic 
therapy [104], and cases without previous history of standard 
chemotherapy [101]. The duration of response at data cut-
off was not reached in the first group, whereas the median 
response duration of 10.4 months was reached in the second 
report. The objective response rate (ORR), disease control 
rate (DCR), median progression-free survival (PFS), and 
median overall survival (OS) for patients in the first group 
were 5.7%, 9.5%, 2 months, and 9 months, while for patients 
in the second report were 21.4%, 23.8%, 2.1 months, and 18 
months. The authors also noticed that despite showing lower 
ORR in comparison with the single agent chemotherapy, 
pembrolizumab treatment prevented common toxicities 
related to the chemotherapy regimen, and that responses 
to the anti-PD-1 were somewhat durable. Comparing the 
results from the two reports by Adams and colleagues 
sent an important message. In patients with advanced 
TNBC who are suitable for immunotherapy, the responses 
are more potent when they had no previous history of the 
systemic anti-cancer therapy. An interpretation that could 
be made for such differences are that patients with previous 
history of systemic therapy possibly developed mechanisms 
of resistance, rendering them lower responsive to the 
immunotherapy than the subjects without previous history 
of systemic therapy. A point to consider, however, is the 
sharp difference between the number of patients evaluated 
for each study (170 cases for the first report vs. 84 patients 
for the second report), which may influence the outcomes. 
To support the idea, Emens and colleagues compared the 
outcomes of ORR in patients with metastatic TNBC receiving 
azetolizumab, and they noticed the higher ORR (24%) for 
subjects with the first-line azetolizumab, compared to that of 
second line or third line (ORR: 6%) [105].

TGF-β1 has an important activity in breast cancer 
stem cells, as they express TGF-β1 and the TGF-β1 receptor 
exponentially [106]. TGF-β inhibitors can inhibit the growth 
and multiplication of chemotherapy-resistant tumor-
initiating cells (TIC) in vivo, forming the basis for combinatorial 
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chemotherapy for patients suffering from TNBC. TGF-β 
stimulates an epithelial-to-mesenchymal transition (EMT) 
within mammary cells, leading to an exhibition of tumor-
like properties. It is possible to reverse EMT via TGF-βR1/2 
inhibitors while stimulating mesenchymal-to-epithelial 
(MET) differentiation inside mammary epithelial cells 
[107]. TGF-β is frequently found overexpressed in the TNBC 
tumor microenvironment, especially in tumor cells, or by 
tumor-associated immune and stromal cells. These cells also 
activate SMAD2/3 and SMAD4, leading to metastasis and 
angiogenesis. This indicates that the TGF-β inhibitors play an 
important role in patients with metastasis [107].

Considering the poor prognosis of current treatment 
strategy, as well as the relatively clear benefits of PD-1/PD-
L1 and TGF-β signaling blocking in anti-tumor treatment, 
Merck’s pipeline also lists ongoing phase 2 trials of HMGA2-
positive triple-negative breast cancer (TNBC). The upcoming 
results may hand over more cogent evidence of dual targeting 
PD-1/PD-L1 and TGF-β signaling.

Cervical Cancer: Cervical carcinoma is one of the most 
common types of cancer worldwide and one of the leading 
causes of death from cancer in women. High risk human 
papillomaviruses (HPV) are known to play an important 
etiological role in cervical cancer development, but only 
a small part of infected women develop cervical cancer, as 
most infections with HPV regress spontaneously [108]. The 
presence of HPV infection has been detected in more than 90% 
of cervical cancers. HPV persistent infection is a prerequisite 
for the development of precancerous cervical lesions, termed 
cervical intraepithelial neoplasia, and cancer [109,110]. 
HPV infection has been closely associated with increased 
TGF-β expression in a variety of solid tumors, including 
cervical cancer. Several studies showed an important role 
for TGF-β signaling pathway in cervical oncogenesis [111]. 
A particularly interesting biological characteristic associated 
with malignant progression of cervical epithelial cells is 
their progressive loss of responsiveness to TGF-β [112,113]. 
An array study showed that TGF-β was amplified and 
overexpressed more than 2-fold in the cervical cancer group 
relative to its transcription and expression in the normal 
group [114]. 

The accelerated FDA approval of pembrolizumab 
validated the efficacy of anti-PD-1/PD-L1 therapy for patients 
with recurrent/metastatic cervical cancer. However, the 
objective response rate with pembrolizumab was only 14.3% 
in patients with PD-L1-expressing tumors [115]. To meet the 
clinical needs of the rest of 80% patients, clinical studies 
evaluating bintrafusp alfa for the treatment of patients with 
cervical cancer were launched. In ESMO congress 2021, 
Strauss et al. disclosed data from patients with immune 
checkpoint inhibitor–naive, recurrent/metastatic cervical 

cancer treated with bintrafusp alfa in phase 1 (INTR@PID 
001; NCT02517398) and phase 2 (study 012; NCT03427411) 
studies, announced bintrafusp alfa had a manageable safety 
profile and demonstrating encourage clinical activity with an 
ORR of 28.0% [116,117].

KRAS Mutated NSCLC: KRAS, one of the earliest oncogenic 
drivers, are mainly found in lung, pancreatic and colon 
cancers. KRAS mutations account for approximately 30% 
of lung adenocarcinomas in Western countries and for 10–
15% of cases in Asia [118]. The KRASG12C mutation is highly 
prevalent in patients suffering from lung adenocarcinoma 
(13% of total lung adenocarcinoma) and account for >50% 
of all KRAS mutant cases [119]. According to its structural 
and biochemical obstacles, effective KRAS-targeted 
therapies still remain elusive. KRAS mutant lung cancers 
have worse outcomes in both early stage and advanced 
metastatic settings, illustrating the critical need for novel 
agents targeting KRAS-driven NSCLC. Numerous therapeutic 
strategies have been developed including targeting KRAS 
membrane associations, synthetic lethality partners, 
blockage of downstream signaling cascades, targeting 
metabolic reprogramming, direct targeting of KRAS and 
immunotherapy.

PD-L1 expression is the only FDA-approved biomarker 
for these therapies in patients with lung adenocarcinoma, 
but its sensitivity is modest. Studies on the predictive 
importance of KRAS mutations for the efficacy of immune 
checkpoint inhibitors have not uniformly provided positive 
results. Mutant KRAS was associated with increase of tumor 
infiltrating lymphocytes, PD-L1 expression and tumor 
mutational burden [120,121]. However, while Gianoncelli, 
et al. observed no significant differences between KRAS+ 
and non-KRAS NSCLC patients in terms of progression-
free or overall survival [122], Kauffmann-Guerrero et al. 
reported a positive outcome for KRAS mutations in response 
to immune checkpoint inhibitors [123]. Molecular diversity 
within KRAS+ NSCLC patients offers an attractive biological 
explanation for such discrepancy [124]. In particular, co-
alterations in STK11 and p53, both associated with high 
tumor mutational burden, profoundly influence the tumor-
immune contexture [125]. KRAS/STK11 NSCLC (25% of 
KRAS+ NSCLC) lacked tumor-infiltrating lymphocytes and 
expressed reduced-levels of immune markers and PD-
L1. Inactivating somatic mutations in STK11 have thus 
emerged as a major genomic driver of primary resistance to 
immune checkpoint inhibitors [126]. Such negative impact 
extends to tumors with high PD-L1 expression and is further 
associated with primary resistance to combined PD-L1/
CTLA-4 blockage in NSCLC [127]. Simultaneous therapies 
that reverse the T cell suppressive tumor microenvironment 
in KRAS/STK11 NSCLC would be required for a potent 
response. PD-1 targeting antibodies were ineffective against 
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Stk11/Lkb1-deficient tumors. In contrast, treating Stk11/
Lkb1-deficient mice with an IL-6 neutralizing antibody or a 
neutrophil-depleting antibody yielded therapeutic benefits 
associated with reduced neutrophil accumulation and 
proinflammatory cytokine expression [128]. Similarly, anti-
angiogenics and epigenetic modifiers may also needed for 
the treatment of KRAS/STK11 NSCLC. In addition, mutations 
in phosphatase and tensin homolog (PTEN) and KEAP1 have 
been considered as potential drivers of de novo resistance 
to immune checkpoint inhibition in NSCLC [127,129]. Co-
mutation in KEAP1 was also associated with shorter duration 
of initial platinum-based chemotherapy and shorter overall 
survival from start of immune therapy in KRAS+ advanced 
NSCLC [129]. In contrast, KRAS/p53 co-mutated NSCLC was 
characterized by an inflammatory response, immune-editing 
and expression of co-stimulatory and co-inhibitor molecules 
including PD-L1 [126,130]. These observations indicate that 
the cohort may be particularly susceptible to anti-immune 
checkpoint therapies. Indeed, KRAS/p53 co-mutations were 
associated with potent treatment response and improved 
progression-free and overall survival [126]. Taken together, 
co-occurring somatic genomic alterations in KRAS+ NSCLC 
represent independent predictors for sensitivity to anti-
PD-1/PD-L1 therapies. Treatment needs to be individualized 
and may require the use of rational combinations (e.g., 
immunotherapy plus conventional therapies targeting RAS 
downstream cascade or cell cycle inhibitors) for a durable 
therapy response in KRAS+ NSCLC [131]. In immune-
competent mice, the KRASG12C inhibitor AMG 510 resulted in 
a pro-inflammatory tumor microenvironment and produced 
durable cures in combination with immune checkpoint 
inhibitors [132]. Several clinical trials are ongoing. A phase I 
study is evaluating the combination of the CDK4/6 inhibitor 
abemaciclib with anti-PD-1 antibody pembrolizumab for 
KRAS mutant and PD-L1+ patients with stage IV NSCLC 
(NCT02779751). A second trial is recruiting patients to 
determine the side effects and best dose of pembrolizumab 
plus the MEK inhibitor trametinib for recurrent KRAS-
mutated NSCLC that is metastatic, unresectable or locally 
advanced (NCT03299088, NCT03225664). Another phase I 
study focuses on the safety and tolerability of pembrolizumab 
infusion in combination with a KRAS vaccine mRNA-5671/
V941 in patients with KRAS mutant, advanced or metastatic 
NSCLC (NCT03948763). An open-label phase II study aims 
to assess the safety and efficacy of anti-PD-1 antibody SHR-
1210 plus VEGF receptor-2 inhibitor apatinib mesylate 
versus metabolite inhibitor pemetrexed and alkylating 
agent carboplatin in adult patients with KRAS+ stage IV 
NSCLC (NCT03777124). Another phase II trial is underway 
to determine the effects of combining pembrolizumab with 
anti-VEGF receptor ramucirumab and docetaxel in treating 
NSCLC patients who failed to respond to treatments with 
platinum-based chemotherapy administered concurrently 
or sequentially with anti-PD-1/PD-L1 immunotherapy 

(NCT04340882).

TGF-β1-induced activation of EMT mediates tumor 
progression by enhancing invasion and metastasis in several 
cancers, including NSCLC [133]. Recently, Pan, et al. [134] 
showed that KRAS-mediated upregulation of PD-L1 promotes 
immune escape via TGF-β/EMT signaling pathway in KRAS-
mutant NSCLC. They found that pembrolizumab activated 
the anti-tumor activity and decreased tumor growth with 
KRAS (G12V) mutation. Furthermore, in vivo assay revealed 
that pembrolizumab reversed EMT in KRAS-mutated tumors. 
While single agent PD-1/PD-L1 blocker presented limited 
efficacy in clinical stage, dual targeting TGF-β and PD-1/PD-
L1 signaling is an attractive path.

Combination Therapy of PD-L1/TGF-β with 
Two or more Agents

Combination Treatment with Radiotherapy

Radiotherapy (RT) is one of the standard treatments 
for some malignant tumors, while the long-term radiation 
toxicity in normal tissue is commonly observed. Radiation-
induced fibrosis (RIF) may have negative effects on aesthetic 
and functional prognosis and even life prognosis of cancer 
survivors [135]. 

The essential multi-step process of RIF includes 
release of reactive oxygen species (ROS), microvascular 
injury, recruitment of inflammatory cells, and activation of 
myofibroblasts [136]. SMAD-regulated connective tissue 
growth factor (CTGF) expression-mediated by TGF-β1 is 
believed to be the main signaling pathway involved in RIF. 
Excess production of ROS after radiation exposure can 
oxidize cysteine residues and change the conformation 
of the latency-associated peptide (LAP), disrupting the 
noncovalent bonds between LAP and TGF-β1 [137]. This 
allows bioactive TGF-β1 release from the latent complex 
and makes TGF-β1 accessible to its receptors on the 
cell surface, initiating an intracellular signaling cascade 
[138]. Activation of the TGF-β signaling pathway by ROS 
mechanistically promotes sustained high levels of DNA 
methyltransferases (DNMTs), histone deacetylases (HDACs), 
methyltransferases, and demethylases in different fibrotic 
models, and their upregulation can lead to downregulation 
of antifibrotic genes that prevent development of fibrosis 
[139-141]. TGF-β1 has been acknowledged as the master 
switch in the development of fibrosis, driving quiescent 
fibroblast proliferation from resident stromal fibroblasts and 
bone marrow progenitors [142]. TGF-β1 affects fibrogenic 
function through various signaling pathways, with which 
receptor-regulated SMAD signaling is referred as the main 
axis. TGF-β1 initiates its cellular response by binding to 
TGF-β1 receptor phosphorylates, i.e., Smads (Smad2 and 
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Smad3). Subsequently, activated SMADs assemble with 
Smad4 and translocate into the nucleus where the SMAD 
complex interacts with canonical SMAD-binding elements of 
target genes to activate a profibrotic program of transcription 
[143]. CTGF, a typical member of the cellular communication 
network (CCN) matricellular protein family, has been 
considered as a downstream mediator of TGF-β1-induced 
activation of fibroblasts. A TGF-β1 response element was 
located in the CTGF promoter, indicating that CTGF is likely 

to be a fibroblast-selective effector of profibrotic effects of 
TGF-β1 [144]. CTGF binds to yet uncharacterized plasma 
membrane receptors and activates downstream fibrogenic 
signaling cascades [145]. Furthermore, the induction of 
CTGF can also act independently of TGF-β1/SMAD signaling 
through the activation of the Rho/ROCK pathway. Moreover, 
TGF-β1/SMAD and Rho/ROCK pathways and other signaling 
cascades such as PDGF/PDGFR have been associated with 
the activation of myofibroblast [146] (Figure 2).

Source: Radiation induces the release of reactive oxygen species (ROS), microvascular injury, recruitment of inflammatory cells, 
and activation of myofibroblasts. ROS/Rock, resulting the expression of connective tissue growth factor (CTGF) expression. 
CTGF binds to yet uncharacterized plasma membrane receptors and activates downstream fibrogenic signaling cascades.
Figure 2: Pathogenic mechanism of radiation-induced fibrosis.

Moreover, several preclinical studies have reported 
that irradiation induced PD-L1 expression [147-149]. 
Therefore irradiation interferes with the effector functions 
of interacting T cells. Preclinical studies demonstrate that 
radiotherapy induces PD-L1 upregulation by 4 pathways: (1) 
IFN-γ signaling, (2) EGFR pathway, (3) DNA damage signaling 
pathway, and (4) cGAS-STING pathway. 

The IFN-dependent pathway is canonical pathway for 
PD-L1 expression. Although both type I and II IFNs can 
upregulate PD-L1, IFNγ induction of PD-L1 is stronger and 
more persistent via JAK–STAT–IRF pathway [150-152]. 
Dovedi et al. analyzed PD-L1 upregulation by X-ray RT 
using tumor-bearing mice [147]. They found that PD-L1 
upregulated with a peak of 3 days after the last prescription 
of fractionated RT, which requires IFNγ production by CD8-
positive T cells. Conversely, they also reported that in vitro 
single fractions of 2.5–10 Gy for the same murine cancer cell 
lines did not effectively induce PD-L1 expression, suggesting 
the importance of IFNγ in PD-L1 upregulation after X-ray 
irradiation. In addition, because type I IFN induces PD-
L1 expression, cGAS–STING pathway is also an important 
upstream signal for PD-L1 expression. Recently, type I 
IFN induction via cGAS–STING pathway was shown to be 
induced after 24 Gy in three fractions of murine mammary 
tumor cell-bearing mice [153]. The IL-6/JAK/STAT pathway 
is also involved in PD-L1 upregulation in human esophageal 

cancer cells after irradiation [148]. Additionally, EGFR 
signaling after irradiation contributes to PD-L1 expression 
via the IL-6/JAK/STAT3 pathway [154,155]. This PD-
L1 expression was mediated by irradiation-dependent 
phosphorylation of EGFR (Y1173) and JAK2 (Y1007, Y1008) 
and was suppressed by inhibiting JAK2 phosphorylation, 
supporting the importance of EGFR–JAK signaling in PD-L1 
expression after irradiation. In addition, preclinical studies 
have revealed that the response to DNA damages, such as 
DNA double-strand breaks, DNA single-strand breaks and 
base damage, upregulated PD-L1 expression in cancer cells 
via ATM/ATR/Chk1 kinase activation [156-158]. These data 
were further supported by experiments with mouse tumor 
models using a specific ATR inhibitor where RT-induced PD-
L1 upregulation was significantly suppressed, resulting in 
the attenuation of RT-induced CD8-positive T cell exhaustion 
and cancer cells sensitized to the cytotoxicity of CD8-positive 
T cells [159,160]. These studies suggest that the ATR/Chk1 
activity followed by the activation of STAT–IRF pathway, 
rather than DNA damage per se, is a central factor that affects 
PD-L1 upregulation after irradiation.

These studies suggested that combination of ICIs with 
TGF-β blockade may mitigate RT-induced fibrosis, while ICIs 
to eradicate immune-cold tumors and TGF-β sequestration 
reduce overlapping toxicity. Lan et al found bintrafusp 
alfa reduces α-smooth muscle actin (α-SMA), a marker of 
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CAF activation, and collagen deposition, as measured by 
picrosirius red staining, and increases CD8+ TILs in the EMT-
6 model [74]. Consistently, in the 4T1 model, BA significantly 
reduced stromal α-SMA expression versus isotype control. 
Although RT significantly increased α-SMA levels [85], 
consistent with RT activating CAFs, bintrafusp alfa was able 
to reverse RT-induced α-SMA. RT monotherapy increased 
tumor collagen deposition, resulting in tumors with thicker, 
more densely arranged collagen fibrils compared with 
isotype control or bintrafusp alfa-treated tumors. bintrafusp 
alfa reversed RT-induced collagen deposition versus RT, 
possibly as a result of reduced CAF activity. A similar reversal 
in RT-induced collagen deposition with bintrafusp alfa+RT 
(BART) was observed by alternative staining. Taken together, 
these data suggest that BA may reverse RT-induced CAF 
activation and fibrosis [161]. 

Recently, Yan, et al. [160] evaluated the anti-tumor 
activity of bintrafusp alfa plus RT therapy in several murine 
tumor models lacking tumor infiltrating lymphocyte. In 
Pdx-1-Cre KPC model mimics features of human pancreatic 
ductal adenocarcinoma, which including fibrosis deposition 
and an inflamed TME, exclusion of infiltrating effector T cells, 
and poor antitumor activity with ICI therapy alone, BART 
decreased tumor burden and metabolic activity comparing 
bintrafusp alfa or RT monotherapies, the combination of RT 
and TGF-β trap (p = 0.0007) or RT plus anti-PD-L1 (p = 0.0136). 
In Lewis lung carcinoma model which tumors generally 
lack TILs and are unresponsive to anti-PD-L1 therapy, 
significant tumor growth inhibition (TGI) was induced by 
both bintrafusp alfa (42.6%) and RT (52.8%) monotherapies 
relative to isotype control at day 11, BART further enhanced 
TGI (84.5%) relative to bintrafusp alfa or RT alone, and 
significantly prolonged survival with median survival of 
26.5 days relative to 14 days (p < 0.0001) of bintrafusp alfa 
treatment or 18 days (p < 0.0001) of RT. Orthotopic GL261 
glioblastoma tumors growing in brains of syngeneic C57BL/6 
mice are relative resistance to RT [162]. They had limited 
TILs and sensitivity to anti-PD1 monotherapy. Bintrafusp 
alfa monotherapy slightly prolonged median survival (29 
days) and increased complete tumor regressions in 3 of 10 
mice relative to isotype control (23.5 days, p = 0.1379; 0 of 
10 mice), RT monotherapy significantly prolonged median 
survival (38 days) and increased tumor regressions (2 of 10 
mice) relative to isotype control (16 days, p < 0.0001; 0 of 10 
mice), while BART further prolonged survival relative to RT 
(p = 0.0482) and increased tumor regressions (7 of 10 mice) 
to the end of the study (day 100) [162, 163]. In 4T1 breast 
cancer tumor model which has poor tumor infiltration of 
immune cells and is relatively resistant to ICIs, BART further 
induced TGI (67.5%) relative to bintrafusp alpha (TGI 27.2%) 
or RT (48.2%; p < 0.0001) monotherapy and significantly 
prolonged median survival (18 days) relative to bintrafusp 
alpah (12 days, p < 0.0001) or RT (14.5 days, p = 0.0021).

Combination with Chemotherapy

As described above, TGF-β is considered a master 
regulator of EMT and has been found to promote a 
phenotypic transition in many cancer models. The addition 
of TGF-β1 to lung cancer cell lines in vitro resulted decreasing 
susceptibility to the cytotoxic effect of docetaxel, paclitaxel 
and gemcitabine [78]. Experiments conducted in vivo also 
demonstrated the ability of bintrafusp alfa to increase 
anti-tumor efficacy of chemotherapy in a murine model 
of colon cancer. In MC38 immunoresponsive colon cancer 
model, combination treatment with bintrafusp alfa and the 
chemotherapies oxaliplatin and 5-fluorouracil (Ox/5-FU) 
reduced tumor volume and tumor weight more effectively 
than M7824 monotherapy or Ox/5-FU. Combination 
treatment also increased the frequency of p15E-reactive, 
IFN-γ–producing CD8+ T cells compared with M7824 or 
Ox/5-FU therapy alone, neither of which had a significant 
effect relative to isotype control [74].

Combination with Vascular Endothelial Growth 
Factor (VEGF) Inhibitors

Targeting tumor angiogenesis is an effective strategy 
for the treatment of solid tumors. TGF-β and VEGF are the 
main regulators of tumor angiogenesis, which can limit the 
efficacy of cancer treatment and inhibit anti-tumor immune 
responses. Combination therapy consisting of immune 
checkpoint inhibitors and tumor angiogenesis inhibitors 
is becoming an effective treatment for solid cancer. Yeung, 
et al. tested the anti-tumor efficacy of the bintrafusp alfa 
and VEGF blocker combination therapy [164]. In the CT26 
mouse syngeneic colon cancer model, the combination 
of bintrafusp alfa with levatinib, regorafenib, axitinib or 
nintedanib showed significantly higher anti-tumor efficacy 
than the respective monotherapy. In the 4T1 mouse breast 
cancer model, the combination of bintrafusp alfa with 
VEGF inhibitor levatinib or regorafenib was more effective 
than the respective monotherapy. The combination of 
bintrafusp alfa and pazopanib also showed excellent anti-
tumor efficacy in the orthotopic Renca mouse tumor model. 
These data indicate that PD-L1/ TGF-β dual blocker may be 
a viable combination partner with a variety of angiogenesis 
inhibitors, and provide a theoretical basis for the continued 
development of these combination therapies to treat solid 
cancer.

Combination with ALK1 Blocker

Activin receptor-like kinase 1 (ALK1) is an endothelial 
cell-restricted receptor of the TGF-β family. In endothelial 
cells, TGF-β has been shown to signal via both the 
ubiquitously expressed type I receptor ALK5 and through 
the predominantly endothelial cell restricted receptor ALK1 
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[165]. Recent study uncovers synergistic effect between 
anti-ALK1 agent and anti-PD-1 antibody nivolumab. Hsu 
et al disclosed data from a trial of GT90001 (Clinical trial 
information: NCT03893695), a fully human anti-ALK1 mAb 
(IgG2) that may inhibit ALK1/TGF-β signaling and tumor 
angiogenesis, showing promising preliminary antitumor 
activities combined with nivolumab as second-line treatment 
for patients with metastatic hepatocellular carcinoma 
(HCC) [166]. An objective response assessed was observed 
in 7 patients (43.75%) out of 16 evaluable patients, the 
disease control rate (complete response + partial response 
+ stable disease) was 56.2%, while nivolumab single 
agent demonstrated an ORR for HCC of 20% as a first-line 
treatment or 14% as a second-line treatment in CheckMate 
040 trial [167].

Combination with Ataxia Telangiectasia 
Mutated (ATM) Inhibitor

As discussed above, dual targeting of TGF-β and PD-
L1 may reverse RT-induced CAF activation and fibrosis, 
activate cold tumor and therefore prolong survival in several 
tumor models. Inhibition of ATM increases the cancer cell’s 
sensitivity to radiotherapy by blocking cellular pathways 
which facilitate the response to, and repair of, RT-induced 
DNA double strand breaks. Lazorchak, et al. tested the 
anti-tumor efficacy of a combination therapy consisting 
of bintrafusp alfa, RT and the ATM kinase inhibitor M4076 
[168]. Results suggested this triple combination therapy 
increased anti-tumor efficacy and prolonged overall survival 
relative to the bintrafusp alfa plus RT or M4076 plus RT dual 
combination therapies in the immune therapy resistant, 
4T1 murine syngeneic breast carcinoma model. Further 
study in the more immunogenic MC38 colon carcinoma 
model presented consistent results. The bintrafusp alfa/RT/
M4076 triple therapy showed a significantly greater tumor 
growth inhibition and long-term tumor free survival when 
compared with the bintrafusp alfa plus RT, M4076 plus RT, 
or anti-PD-L1/RT/M4076 treatment groups. These data in 
the MC38 model suggest that bintrafusp alfa may promote 
a superior anti-tumor immune response relative to that of 
anti-PD-L1 when in combination with RT and M4076, and 
together support the potential rational benefits to develop 
a triple combination therapy of TGF-β and PD-L1/ RT/ ATMi 
for the treatment of solid tumors.

Conclusion

Anti-PD1/PD-L1 treatment could sometime overcome 
the immunosuppressive TME. However, the TGF-β pathway 
also plays a critical role in promoting tumor growth in 
multiple ways, including EMT, fibrosis, angiogenesis, and 
immunosuppression. The immunosuppression by TGF-β in 
TME is mainly achieved by promoting the function of Treg 

cells, tumor-associated macrophages and MDSCs, resulting 
in the inhibition of the killing function of NK cells as well 
as CD8+ T cells. TGF-β also directly inhibits the function of 
CD8+ T cells and NK cells. Therefore, inhibiting both PD1/
PD-L1 and TGF-β pathways could dramatically improve 
the immunosuppressive TEM. The superiority of the 
combination therapy of these two pathways has been well 
demonstrated in preclinical and clinical-stage studies. The 
dual-target treatment has excellent potential in the back-
line therapy of advanced solid tumors. It is also an attractive 
potential therapy for first- and second-line therapy in solid 
tumors. Importantly, combination therapy of PD-L1/ TGF-β 
dual inhibitors with radiotherapy, chemotherapy, VEGF 
inhibitor, ALK1 inhibitor or ATM inhibitor could provide 
further benefits for the treatment of solid tumors. 
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